The application of the glutamate analog L-2-amino-4-phosphonobutyric acid (L-AP4) to neurons produces a suppression of synaptic transmission. Although L-AP4 is a selective ligand at a subset of metabotropic glutamate receptors (mGluRs), the precise physiological role of the L-AP4-activated mGluRs remains primarily unknown. To provide a better understanding of the function of L-AP4 receptors, we have generated and studied knockout (KO) mice lacking the mGluR4 subtype of mGluR that displays high affinity for L-AP4. The mGluR4 mutant mice displayed normal spontaneous motor activity and were unimpaired on the bar cross test, indicating that disruption of the mGluR4 gene did not cause gross motor abnormalities, impairments of novelty-induced exploratory behaviors, or alterations in fine motor coordination. However, the mutant mice were deficient on the rotating rod motor-learning test, suggesting that mGluR4 KO mice may have an impaired ability to learn complex motor tasks. Patch-clamp and extracellular field recordings from Purkinje cells in cerebellar slices demonstrated that L-AP4 had no effect on synaptic responses in the mutant mice, whereas in the wild-type mice 100 M L-AP4 produced a 23% depression of synaptic responses with an EC 50 of 2.5 M. An analysis of presynaptic short-term synaptic plasticity at the parallel fiber3 Purkinje cell synapse demonstrated that pairedpulse facilitation and post-tetanic potentiation were impaired in the mutant mice. In contrast, long-term depression (LTD) was not impaired. These results indicate that an important function of mGluR4 is to provide a presynaptic mechanism for maintaining synaptic efficacy during repetitive activation. The data also suggest that the presence of mGluR4 at the parallel fiber3 Purkinje cell synapse is required for maintaining normal motor function.
The effects of the pharmacological activation of metabotropic glutamate receptors (mGluRs) have been studied extensively for over a decade. The cloning of a family of genes coding for mGluRs has revealed that mGluRs are not homologous with other G-protein-coupled receptors and that they are widely distributed throughout the CNS. Expression of cloned mGluRs in cell lines has demonstrated that the mGluR1 and mGluR5 subtypes of mGluRs are coupled to the stimulation of phosphoinositol turnover, whereas the other members of the mGluR family are coupled to the inhibition of adenylyl cyclase. Additional studies have provided evidence that mGluRs expressed in the CNS are also coupled via G-proteins to the regulation of voltage-gated ion channels (Gerber and Gahwiler, 1994) .
The mGluR4, mGluR6, mGluR7, and mGluR8 subtypes of mGluRs (group III mGluRs; Pin and Duvoisin, 1995) are selectively activated by the synthetic glutamate analog L-2-amino-4-phosphonobutyric acid (L-AP4). In the nervous system the application of L-AP4 causes an inhibition of synaptic transmission in several brain regions, including the hippocampus, olfactory tract, spinal cord, and thalamus (Koerner and Johnson, 1992) . Data obtained in earlier studies have suggested that L-AP4 produces this effect by the activation of presynaptic glutamate autoreceptors (Koerner and Cotman, 1981; Cotman et al., 1986) . Other mGluR agonists such as Ϯtrans-1-amino-1,3-dicarboxylic acid (trans-ACPD) also inhibit synaptic transmission (Baskys and Malenka, 1991) . Because L-AP4 is relatively selective for the mGluR subtypes noted above and trans-ACPD activates a different subset of mGluRs (Schoepp, 1994) , the inhibition of synaptic transmission seems to be a common feature of several members of mGluR family.
Expression of the mGluR4 subtype of mGluR in mammalian cell lines has demonstrated that mGluR4 is activated by low micromolar concentrations of L-glutamate and L-AP4 (Tanabe et al., 1993; Eriksen and Thomsen, 1995) . In situ hybridization studies have shown that mGluR4 mRNA has a restricted distribution in the mammalian CNS; although moderate levels of mGluR4 mRNA are present in the olfactory bulb and entorhinal cortex, the highest level of expression in both the rat (Tanabe et al., 1993; Prezeau et al., 1994; Saugstad et al., 1994; Ohishi et al., 1995) and human (Flor et al., 1995) CNS is in the granule cells of the cerebellum. The axons of the granule cells, which constitute the parallel fiber pathway in the cerebellar cortex, form a glutamatergic synaptic input onto Purkinje cell dendrites; alterations in neurotransmission at the parallel fiber3 Purkinje cell synapse have been implicated in motor learning (Ito, 1989; Linden, 1994) .
Despite the increase in our knowledge of the structure and functions of the cloned receptors expressed in cell lines and of the effects of mGluR agonists and antagonists in the nervous system, the exact biological roles of individual members of the mGluR family in the CNS remain primarily unknown. The inability to ascertain the functions of mGluRs has been caused, in part, by the lack of sufficiently potent and selective pharmacological agents. Thus, the use of alternative strategies for the study of mGluRs is clearly warranted. To address this problem, we have used gene targeting to produce mGluR4 knockout (KO) mice that are devoid of the mGluR4 subtype of mGluR. Because mGluR4 mRNA is highly concentrated in the granule cells of the cerebellum, the mutant mice were assessed in several tests measuring various aspects of motor behavior and at the cellular level by conducting electrophysiological recordings from cerebellar slices.
MATERIALS AND METHODS
Production of mGluR4 KO mice. An 8.2 kb Sau3A-HindIII fragment of the mGluR4 gene was isolated from a 129-ES/DASH II mouse genomic library by using a rat cDNA probe. The mouse mGluR4 gene was disrupted by inserting a pgk-1/neo expression cassette into an EcoRV site of the targeted exon; this exon spanned a region encompassing Gly 246 -Arg 291 of the putative amino terminal extracellular domain of mGluR4. R1 embryonic stem cells were electroporated with the linearized targeting vector at 500 mF and 250 V. G418 (150 g/ml) and the pyrimidine analog GANC (2 M) were used for positivenegative selection. Embryonic stem cell colonies (and transgenic mice) were screened by multiple primer PCR (Pekhletski and Hampson, 1996) . Cloning and sequencing of the amplified genomic DNA from the positive colonies confirmed the proper genomic targeting site, and Southern blot analyses demonstrated that no secondary random integrations had occurred. One of the targeted embryonic stem cell lines was used for aggregation with CD-1 morulae (Wood et al., 1993) . Chimeric male offspring were mated with CD-1 mice to produce heterozygous offspring. All analyses were performed on littermates generated from crosses between heterozygous animals.
Gel electrophoresis and immunoblotting. Gel electrophoresis and immunoblotting of mouse cerebellar samples were conducted as described previously (Hampson et al., 1989) ; the electrophoresis samples contained 100 mM dithiothreitol and were not heated before electrophoresis to avoid receptor aggregation. Detection was performed with the enhanced chemiluminescence detection system (Amersham Canada, Toronto, Ontario). Nitrocellulose blots were probed with purified rabbit polyclonal anti-peptide antibodies (kindly provided by R. J. Wenthold) generated against a peptide corresponding to the C terminus of the mGluR4 sequence (Tanabe et al., 1992) . Antibody recognition of mGluR4 was confirmed by immunoblots of recombinant mGluR4 expressed in baculovirus-infected insect cells (data not shown). Affinity-purified antipeptide antibodies that specifically recognized mGluR1 (Hampson et al., 1994) , GluR1-4 (Wenthold et al., 1992) , GluR6 (Wenthold et al., 1994) , and NMDA-R1 (Siegel et al., 1994 ) also were used for immunoblot analyses.
Behavioral analyses. The behavior of the wild-type (ϩ/ϩ), heterozygous (ϩ/Ϫ), and homozygous (Ϫ/Ϫ) mutant mice was assessed in several tasks, including tests measuring locomotor activity and motor/posture patterns (open field test), fine motor coordination and balance (bar cross), and motor-learning performance (rotating rod motor-learning paradigm). Naive (untrained) mice (ϩ/ϩ, n ϭ 22; ϩ/Ϫ, n ϭ 21; Ϫ/Ϫ, n ϭ 24) were monitored first for 10 min in the open field test and subsequently on the bar cross test for another 10 min at 8 weeks of age, as described (Gerlai et al., 1993) . The open field test, which evokes novelty-induced exploratory behavior, consisted of a plastic box (46 ϫ 25 ϫ 15 cm), the bottom of which was covered by a 5 cm 2 grid pattern and contained a novel object (plastic bottle). Detailed definitions of the behavioral parameters that were measured are given in van Abeelen (1963), Crusio and van Abeelen (1986), and Gerlai et al. (1993) . The bar cross apparatus was an elevated U-shaped platform with two wider (18 mm thick) bars and a connecting narrow (1 mm thick) challenge bar. Fine motor coordination was tested for 3 min by recording the following spontaneously appearing motorposture patterns: falling off, sniffing up, sniffing down, defecating, turning, slipping, crossing, grooming, duration of passivity, and crossing attempts. In the open field test and the bar cross test, motor and posture patterns were recorded with a computer event recorder program (Gerlai and Hogan, 1992) .
The rotating rod apparatus (Gerlai et al., 1996) was used to measure the ability of the mice to improve motor performance during repeated exposure to the apparatus. Before the first training session, all mice were habituated to the apparatus by placing them on the rod rotating at 2.5 rpm (3 ϫ 2 min sessions). The training consisted of 21 sessions: three sessions per day with a 90 min intersession interval and three trials per session with 5 sec intertrial intervals. The rotation speed was set initially at 5 rpm, and the length of each trial was 30 sec (i.e., the maximum cumulative training duration in a session was 90 sec). If a mouse stayed on the rotating rod for a total cumulative duration of at least 60 sec during the three trial session, the speed was increased by 2.5 rpm for the next session; if a mouse accumulated Ͻ60 sec on the rod during the three trial session but Ͼ30 sec, no speed increase was given. If a mouse could not accumulate 30 sec of on-rod time, the speed was decreased by 2.5 rpm at the next session. The rotation speed the mice were able to master according to these definitions ("learning to" criterion; see Fig. 3A ) was recorded and analyzed statistically. The mice trained in the rotating rod paradigm were given a 5 week resting period and then were retested for a single three trial session on the rod at 30 rpm. This test was performed to determine whether performance differences between mutant and wildtype mice were attributable to motor fatigue caused by prolonged exposure to the rotating rod. A separate set of mice (ϩ/ϩ, n ϭ 17; ϩ/Ϫ, n ϭ 16; Ϫ/Ϫ, n ϭ 15) that were untrained and had never been exposed to the apparatus were also tested on the rotating rod at 30 rpm (see Fig. 3B ). This test was performed to investigate whether naive mutant mice had a preexisting performance deficit that could be detected only at higher rpm (i.e., more demanding tasks). The results of the rotating rod training were analyzed via a two-way repeated measure ANOVA with factors genotype and session (the repeated factor). All analyses were performed with SYSTAT software (version 5.2, Systat, Evanston, IL).
Electrophysiological recordings. Electrophysiological recordings were conducted on coronal slices prepared from the cerebellar vermis of 2-to 4-week-old mice or Sprague Dawley rats by using a horizontal tissue slicer (vibratome) in ice-cold extracellular solution. Slices were incubated for 1 hr at 22-24ЊC before recording. For patch-clamp recordings, standard methods for recording from neurons in thin (150 m thick) slices of cerebellum were used . Slices were maintained at 22-24ЊC on the stage of an upright microscope and were perfused continuously by extracellular saline composed of (in mM): 126 NaCl, 3 KCl, 2.5 CaCl 2 , 1.5 MgSO 4 , 1.0 NaH 2 PO 4 , 26 NaHCO 3 , 16.6 D-glucose, and 0.01 bicuculline methiodide, gassed with 95% O 2 /5% CO 2 , pH 7.4. Patch-clamp pipettes were guided visually to the soma of Purkinje cells. Stimulating electrodes were placed 100 -300 m away in the molecular layer to stimulate the parallel fiber tract in the plane of the slice. Data are expressed as mean Ϯ SEM. For the induction of long-term depression (LTD; Lev-Ram et al., 1995) , Purkinje cells were voltage-clamped at Ϫ70 mV, and depolarizing command steps (to 0 mV for 100 msec) were paired with single parallel-fiber stimuli (100 sec duration delivered 30 msec after the onset of the command step) at 1 Hz for 30 sec. The amplitudes of synaptic currents in a 10 min period before the induction of LTP were compared with responses over a period of 30 -40 min after induction. Single test stimuli (100 sec duration) were delivered at 20 sec intervals and averaged in 2 min bins.
For extracellular field recordings, 400-m-thick coronal slices were placed in an interface chamber and perfused with oxygenated extracellular solution similar to that used in patch-clamp experiments. Extracellular field potentials were evoked by focal stimulation (1-150 mA in amplitude, 50 -100 sec in duration) of parallel fibers with a glass pipette filled with 1 M NaCl and recorded within the same plane, 400 m away from the stimulating electrode. In dose-response studies, L-AP4 (Tocris Cookson, St. Louis, MO) was applied by bath perfusion for 10 min, followed by a 20 min wash period between doses. In patch-clamp experiments, L-AP4 (100 M) and the putative L-AP4 receptor antagonist (S)-2-amino-2-methyl-4-phosphonobutanoic acid (MAP4, 500 M; Tocris Cookson) were applied in the bath for periods of 10 -30 min to assess their effects on the parallel fiber-evoked EPSC. All electrophysiological experiments were performed and analyzed without knowledge of the genotype of the animal under investigation.
RESULTS

Generation and general characterization of mGluR4 KO mice
mGluR4 knockout mice were generated by disrupting an exon located within the first one-third of the putative extracellular amino terminal domain of the mGluR4 polypeptide ( Fig. 1 A) . Embryonic stem cells were transfected with the targeting vector, and positive clones were identified by a multiple primer PCR strategy (Pekhletski and Hampson, 1996) . The frequency of positive colonies was 1 in 31. One of the mutant embryonic stem cell lines was used to establish chimeric males that were mated with CD-1 mice to produce heterozygous offspring. Southern blot analysis ( Fig. 1 B) and multiple primer PCR (Fig. 1C ) performed on tail biopsy samples from 438 mice showed that intercrossing of heterozygous mice resulted in the following breakdown by genotype: ϩ/ϩ, (33%); ϩ/Ϫ, (43%), and Ϫ/Ϫ, (24%).
The homozygous mutant mice were indistinguishable from their wild-type littermates in terms of size and gross behavior. An examination of Nissl-stained tissue sections spanning the entire neuraxis of homozygous mutant mice showed no gross abnormalities in cytoarchitecture as compared with unaffected wild-type littermates (data not shown). Immunoblots of cerebella demonstrated that the homozygous Ϫ/Ϫ mice were devoid of mGluR4 protein, whereas the level of mGluR4 expression in the heterozygous mice was reduced to approximately one-half of the level seen in the wild-type mice (Fig. 1 D) . The prominent immunoreactive form of mGluR4 at 190 kDa in the cerebella of wild-type and heterozygous mice was absent in the Ϫ/Ϫ mutant mice. The relative molecular weight of this form of mGluR4 is approximately double that of the predicted molecular weight, based on the cDNA sequence (Tanabe et al., 1992) , suggesting that it may be a dimeric form of the receptor; similar dimeric forms of mGluRs have been reported for mGluR1a and mGluR1b (Pickering et al., 1993; Hampson et al., 1994) , mGluR2 (Hayashi et al., 1993) , and mGluR3 (Petralia et al., 1996) . Although the antibody labeled mGluR4 on immunoblots, cross-reaction with an additional protein in brain tissue of ϳ40 kDa (Fig. 1 D) precluded the use of this antibody for immunocytochemical studies.
Additional immunoblot analyses of cerebellar samples also indicated that the mutant mice did not differ from their wild-type littermates in the levels of expression of several other glutamate receptors, including the mGluR1a subtype of mGluR, nor were there any differences detected in the levels of expression of ionotropic glutamate receptors, including the GluR1-4 AMPA receptors, the GluR6 kainate receptor, and the NMDA-R1 receptor subunit (Fig. 2) .
Behavioral assessments
No significant differences (univariate and multivariate ANOVA) among the wild-type, heterozygous, and homozygous mice were observed on the open field test or on the bar cross test (Table 1) , suggesting that disruption of the mGluR4 gene did not cause gross motor abnormalities, impairments of novelty-induced exploratory behaviors, or alterations of fine motor coordination.
In contrast, the analysis of the performance of the mice on the rotating rod motor-learning paradigm revealed a significant deficit in the Ϫ/Ϫ mutant mice (Fig. 3A) . These mice were exposed to a 21 session training paradigm during which they were required to cope with an increasingly difficult motor task. Repeated measure ANOVA demonstrated that a significant genotype effect (F 2,64 ϭ 5.617, p ϭ 0.006), a significant session effect (F 19,1216 ϭ 379.914, p Ͻ 0.0001), and a significant genotype ϫ session interaction (F 38,1216 ϭ 4.521, p Ͻ 0.0001) were present. Tukey's HSD multiple comparison tests showed no significant phenotypic differences between the mice until the fourteenth session, after which the Ϫ/Ϫ mice were impaired significantly ( p Ͻ 0.05), as compared with the heterozygous and wild-type mice. These findings indicate that, although all mice improved with training, the improvement rate was significantly lower in the homozygous mutant mice.
The impairment on the rotating rod motor-learning task cannot be attributed to muscle fatigue, because additional experiments demonstrated that the Ϫ/Ϫ mutant mice were also significantly impaired at a single session administered after a 5 week resting period (mean Ϯ SEM of latency to fall, in seconds, from the rotating rod in a single session at a speed of 30 rpm: ϩ/ϩ, 8.8 Ϯ 0.78; ϩ/Ϫ, 9.9 Ϯ 1.34; Ϫ/Ϫ, 5.2 Ϯ 0.76). An absence of preexisting motor or sensory defects was indicated further by the lack of significant differences among the genotypes in the falling latency in a separate group of untrained, naive mice tested at 30 rpm (Fig.  3B) . The level of difficulty of this task at 30 rpm is comparable to that of the last few sessions in the rotating rod motor-learning paradigm. The lack of abnormal motor/posture patterns on the bar cross, a test for fine motor coordination, also suggests that mGluR4 KO mice do not suffer from an impairment in motor control. Taken together, these observations indicate that the performance deficit of the Ϫ/Ϫ mutant mice on the rotating rod test may have been attributable to impaired motor learning.
Electrophysiological analyses
To assess the physiological consequences of the disruption of the mGluR4 gene, we investigated potential alterations in the parallel fiber-evoked excitatory postsynaptic current (EPSC) in mouse cerebellar Purkinje cells. Patch-clamp or field potential recordings from Purkinje cells were obtained in thin cerebellar slices, and the averaged synaptic response evoked by parallel fiber stimulation was examined. In the first series of experiments, the efficacy of L-AP4 in suppressing the synaptic response was studied. In patchclamp experiments, 100 M L-AP4 produced a 22.6 Ϯ 3.4% (SEM) depression in the EPSC in the wild-type mice, whereas no depression was observed in the knockout mice (Fig. 4 A-C) . This level of inhibition of synaptic transmission was similar to the degree of L-AP4-induced inhibition of Ca 2ϩ currents in cultured olfactory bulb neurons (24% inhibition at 30 M; Trombley and Westbrook, 1992) . Extracellular field recordings of the parallel fiber-evoked EPSP recorded in the molecular layer of cerebellar vermis showed that L-AP4 produced a dose-dependent inhibition of the synaptic response in the wild-type animals with an EC 50 of 2.5 M, whereas no significant reduction of the field EPSP by L-AP4 was observed in the Ϫ/Ϫ animals at concentrations of up to 500 M (Fig. 4 D) . A modest enhancement of the synaptic re- sponse in both groups was observed at high drug concentrations (Fig.  4D) , which may reflect a weak action of L-AP4 at ACPD-sensitive mGluRs that potentiate the postsynaptic sensitivity of AMPA receptors in Purkinje cells (Glaum et al., 1992) . In contrast to the complete lack of effect of L-AP4 in the mutant mice, the KO mice did not differ from their wild-type littermates in their responses to trans-ACPD (10 M), indicating that trans-ACPD-sensitive mGluRs were not altered in mGluR4 KO mice (data not shown). Several forms of short-and long-term synaptic plasticity at the parallel fiber3 Purkinje cell synapse were assessed in thin cerebellar slices from wild-type and Ϫ/Ϫ mutant mice by using patchclamp recording. To investigate short-term synaptic plasticity, an analysis of paired-pulse facilitation was performed by administering pairs of parallel fiber stimuli at varying interstimulus intervals. In wild-type mice, paired-pulse potentiation was observed at short interstimulus intervals that gradually decayed to control levels after 500 msec (Fig. 5A ). This paired-pulse facilitation results both from enhanced presynaptic release and, at short interstimulus intervals (0 -200 msec), from a superexcitability period in the parallel fiber axons themselves (Gardner-Medwin, 1972) , resulting, in part, from the postsynaptic release of K ϩ (Malenka et al., 1981) . The degree of paired-pulse facilitation observed in the homozygous mutant mice was reduced severely, as compared with the wild-type littermates (Fig. 5A) . This difference was statistically significant at all interstimulus intervals examined ( p Ͻ 0.05, ANOVA). At late (Ͼ300 msec) interstimulus intervals, the amplitude of the second EPSC in the wild-type mice was facilitated, whereas in Purkinje cells of mutant mice a depression below baseline values (paired-pulse depression) was observed. These data suggest that the sustained release of L-glutamate from the parallel fiber terminals after single stimuli is sufficient to activate presynaptic mGluR4.
Long-term depression, a cellular model of motor learning (Ito, 1989; Crepel and Jaillard, 1991; Linden, 1994) , was produced by conjunctive activation of parallel fibers and a depolarizing postsynaptic voltage step (Ϫ70 to 0 mV). Conjunctive stimulation evoked a robust, long-lasting depression of the EPSC in both animal groups (Fig. 5B) . However, despite a modest enhancement of the mean amplitude of the depression in Purkinje cells of Ϫ/Ϫ mice after conjunctive stimulation, this difference was not statistically significant when assessed 30 min after the conditioned stimulus (ϩ/ϩ, 35 Ϯ 8.1%; Ϫ/Ϫ, 51 Ϯ 6.7%; repeated measure ANOVA, p ϭ 0.238; Fig.   5B ) or by trend analysis of the data throughout the postconditioning period (repeated measures ANOVA, p Ͼ 0.05). This finding is in contrast to results obtained in mutant mice lacking the mGluR1 subtype of mGluR in which LTD was severely impaired (Aiba et al., 1994; Conquet et al., 1994) .
These results therefore suggest that presynaptic mGluR4 contributes primarily to short-term plasticity of transmission by regulation of presynaptic neurotransmitter release. To investigate this possibility further, we used a burst stimulation paradigm to examine the efficacy of synaptic transmission during and after repetitive stimulation. This stimulus protocol was designed to simulate the expected behavior of parallel fibers during movement in vivo. Mossy fibers are known to fire in high frequency bursts during movement in awake, behaving animals (Bauswein et al., 1984; van Kan et al., 1993) , and this will evoke repetitive firing of granule cells that, in turn, will be transmitted to Purkinje cells via the ascending granule cell axon and parallel fibers to produce a temporally summating, AMPA receptormediated EPSP (D'Angelo et al., 1995; Larson-Prior et al., 1995) . A train of parallel fiber stimuli was administered, followed by a test stimulus delivered 300 msec after the cessation of the burst, to probe for changes in post-tetanic potentiation (PTP). In wild-type animals, a modest degree of PTP was seen under these conditions in 14 of 24 cells examined, whereas PTP was suppressed dramatically in the Ϫ/Ϫ mGluR4 mutant mice (Fig. 6 A,B) ; the majority of the Purkinje cells in the Ϫ/Ϫ mice (24/28 cells) displayed only PTD of the EPSC, similar to that observed in paired-pulse experiments at long (Ͼ300 msec) interstimulus intervals (Fig. 5A) . During the burst, the amplitude of the second response was also significantly reduced in Ϫ/Ϫ animals (Fig. 6C) . These results further support the notion that mGluR4 functions to conserve presynaptic vesicle stores, thus preventing the more rapid rundown of EPSC amplitude during repetitive synaptic activity and the prolonged reduction of efficiency observed in the mGluR4-deficient mice.
At any given stimulus intensity the absolute amplitude of the EPSC evoked by parallel fiber stimulation reflects the number of fibers recruited, and some "cross-talk" will occur at individual synapses as glutamate spills over from adjacent terminals to slow glutamate diffusion from the cleft (Barbour et al., 1994; Takahashi et al., 1995) . This will result in a prolongation of the lifetime of glutamate in the cleft, which might, in turn, result in an enhanced activation of presynaptic mGluRs. However, in the present experiments no correlation was observed between the amplitude of the first EPSC of a burst and the degree of PTP or PTD observed in either animal group (Fig. 6 D) . A pharmacological antagonist with high specificity for mGluR4 in rat brain, the ␣-methyl derivative of L-AP4 (MAP4) recently has been developed (Jane et al., 1994) and examined in several preparations (Bushell et al., 1995; Johansen and Robinson, 1995; Salt and Eaton, 1995) . Blockade of presynaptic mGluR4 by MAP4 would be expected to convert PTP to PTD, emulating the behavior of the mGluR4-deficient mouse Purkinje cells during and after repetitive stimulation. However, in experiments with rat Purkinje cells using the same burst stimulus protocol as that in mouse preparations (Fig. 6 A) , no effects of MAP4 (500 M) were observed on the amplitude of EPSCs during the burst or postburst PTP (n ϭ 5; data not shown).
DISCUSSION
Because of the high concentration of mGluR4 mRNA in the granule cells of the cerebellum, we focused our attention on behavioral experiments designed to assess various aspects of motor function and on synaptic plasticity at the parallel fiber3 Purkinje cell synapse. The results of the behavioral analyses demonstrated that mGluR4 mutant mice displayed no alterations in motor or posture control in two test situations, the open field test and the bar cross test. The open field test is a sensitive method for revealing motor dysfunction or altered activity levels (Altman, 1987) , whereas the bar cross test measures fine motor coordination (Gerlai et al., 1993) . Despite the normal performances on the open field and bar cross tests, the mGluR4 KO mice were impaired significantly on the rotating rod motorlearning task. The absence of deficiencies on the open field and bar cross tests suggests that the impairment on the rotating rod motor-learning task may have been attributable to a decreased ability of the mutant mice to learn the task rather than an impairment in motor control or coordination. Although it is not possible to state conclusively that the impairment on the rotating rod motor-learning task was attributable to a deficiency in motor learning, the suggestion is supported further by the lack of a significant difference between naive, untrained mutant mice and their wild-type littermates on the rotating rod at 30 rpm (Fig. 3B) . The latter observation suggests that a learning (training) phase is required for revealing the deficit on the rotating rod.
The long-term nature of the deficit on the rotating rod motorlearning task was indicated by the finding that the deficit in the trained mice was still apparent after a 5 week resting period. Of interest is the observation that, although the mGluR4 KO mice were clearly impaired on the rotating rod motor-learning task, LTD was not impaired. This finding is in contrast to results obtained with mGluR1 KO mice in which LTD was drastically reduced (Aiba et al., 1994; Conquet et al., 1994) . mGluR1 is coupled to phosphoinositol turnover and is expressed postsynaptically at high levels at this synapse in Purkinje cells (Baude et al., 1993; Hampson et al., 1994) . Our results indicate that, although the behavioral abnormalities in mGluR4 KO mice are more subtle than those seen in mGluR1 KO mice, the presynaptic control of glutamate release from parallel fiber terminals (see below) is also a critical factor in motor performance.
The effects of L-AP4 on synaptic transmission in the mamma- lian cerebellum have not been reported, although L-AP4 has been shown to inhibit transmission in the turtle cerebellum (LarsonPrior et al., 1990) . Our results in wild-type mice indicate that synaptic transmission at the parallel fiber3 Purkinje cell synapse in mice is highly sensitive to the suppressant effects of L-AP4. Although the maximum degree of suppression of synaptic transmission observed in the cerebellum of wild-type mice (22.6%; Fig.  4 ) was modest as compared with that seen in the lateral perforant pathway of the hippocampus (70 Ϫ90%; Koerner and Cotman, 1981) , the potency of L-AP4 in the mouse cerebellum (EC 50 ϭ 2.5 M) is nearly identical to that reported previously at the perforant path3dentate granule cell synapse [EC 50 ϭ 2 M; see Koerner and Johnson (1992) for a discussion of this topic]. The high sensitivity at the parallel fiber3 Purkinje cell synapse is consistent with the high affinity of mGluR4 for L-AP4 in assays measuring the inhibition of cAMP and radioligand binding in cell lines expressing the cloned receptor (Tanabe et al., 1993; Eriksen and Thomsen, 1995) and with the high level of expression of mGluR4 mRNA in cerebellar granule cells (Tanabe et al., 1993; Ohishi et al., 1995) . The reductions in paired-pulse facilitation and PTP in the mGluR4 KO mice are consistent with previous electrophysiological data and recent immunocytochemical data (Kinoshita et al., 1996; Risso Bradley et al., 1996; Shigemoto et al., 1996) indicating a presynaptic locus for L-AP4 receptors. Data from previous electrophysiological studies have suggested that L-AP4 acts as an agonist at presynaptic autoreceptors to inhibit glutamate release (Koerner and Cotman, 1981; Mayer and Westbrook, 1987; Gereau and Conn, 1995) . In the paired-pulse facilitation paradigm, the amplitude of the second response increases relative to the first response, although the absolute amplitude of both the first and second responses is reduced. The enhancement or facilitation of the second response has been attributed to residual calcium present in the presynaptic nerve terminal after the first pulse. In the presence of presynaptic inhibitors, such as L-AP4, the percentage of the increase in the second response is augmented (Koerner and Johnson, 1992) . Thus our observation demonstrating a reduction in paired-pulse facilitation in mGluR4 KO mice is consistent with the effects of L-AP4 in the normal rodent CNS. We hypothesize that, at synapses where mGluR4 is present, activation of the receptor by synaptically released glutamate reduces the probability of further release, thus conserving the number of neurotransmitter vesicles available for a second or subsequent stimuli. In the absence of mGluR4, the release probability is increased during the first pulse, and the amplitude of subsequent stimuli is reduced because of a reduction in the number of available vesicles. Thus, the depressed synaptic responses seen in the mGluR4 KO mice may have been caused by a depletion of neurotransmitter as a consequence of the absence of mGluR4 receptors that act as presynaptic autoreceptors to limit neurotransmitter release.
The reduction in PTP observed in mGluR4 knockout mice is similar to the decrease in PTP reported for mice lacking synapsin II (Rosahl et al., 1995) , a synaptic vesicle protein involved in the exocytosis of neurotransmitter stores from nerve terminals. The results obtained from the synapsin II-deficient mice suggested that synapsin II was required for accelerating synaptic vesicle trafficking during and after repetitive synaptic activity. Our results show that mGluR4, like synapsin II, contributes to the ability of the presynaptic nerve terminal to sustain sufficiently high levels of neurotransmitter release during periods of intense synaptic activity. The relatively high potency of glutamate for competing with [ 3 H]L-AP4 binding to cloned mGluR4 (IC 50 ϭ 1.6 M; Eriksen and Thomsen, 1995), combined with the similar potency data of L-AP4 in suppressing synaptic transmission in cerebellar slices from wild-type mice (EC 50 ϭ 2.5 M; Fig. 4 D) , suggests that mGluR4 may be activated early in the course of heightened synaptic activity. Our results showing differences in the wild-type and mGluR4 mutant mice in the amplitudes of the EPSCs during repetitive stimulation (Fig. 6) suggest that activation of mGluR4 by synaptically released glutamate may occur on a very rapid time scale. Alternatively, mGluR4 might be activated tonically at resting glutamate levels in the absence of repetitive stimulation. The tonic activation of mGluR4 may provide an explanation for the rapidity of the changes observed in the amplitude of the EPSC during the burst.
The restricted distribution of mGluR4 in the CNS, combined with the high level of expression of mGluR4 mRNA in the granule cells of the cerebellum, strengthens our suggestion that the motor deficit revealed in the motor-learning task is a consequence of the impairment in short-term, presynaptic synaptic plasticity at the parallel fiber3 Purkinje cell synapse. The issue as to whether the cerebellum serves as a site of information storage in motor learning or participates primarily as an integrator of motor and sensory information, with long-term storage taking place at other brain sites, is part of an ongoing debate (Bloedel et al., 1991) . In the latter view, the output of Purkinje cells would encode frequency components required for associative long-term storage at postsynaptic sites. The present results with mGluR4 KO mice provide an example of an impairment in motor learning when short-term plasticity mediated by presynaptic mGluRs at parallel fiber terminals is disrupted, but without a concomitant reduction of LTD. Because mGluR4 is highly localized to this single synapse within motor pathways, the data support a role for mGluR4 in the integration of afferent input and subsequent sculpting of Purkinje cell output required for motor learning.
The molecular mechanism of L-AP4-mediated suppression of synaptic transmission is not known. Several other neurotransmitter receptors that are negatively coupled to adenylyl cyclase in cell lines also inhibit transmitter release in the nervous system, suggesting a common pathway. The low micromolar potency of L-AP4 on synaptic transmission that we observed in cerebellar slices from wild-type mice is similar to the potency for inhibiting forskolin-stimulated cAMP formation in cultures of cerebellar granule cells (Prezeau et al., 1994) , suggesting a possible link between the two effects of L-AP4 in the cerebellum. The mGluR/ G-protein-mediated inhibition of presynaptic calcium channels is another potential mechanism for explaining the inhibitory effects of L-AP4. Using cultured olfactory neurons, Trombley and Westbrook (1992) showed that L-AP4 had minimal effects on calcium currents at 1 M, and maximal inhibitory effects were observed at 30 M. Both the dose-response profile and the maximum level of inhibition (23.6%) are nearly identical to those that we observed for the inhibition of synaptic transmission in the mouse cerebellum (Fig. 4C,D) . Nevertheless, despite these interesting observations, the determination of the mechanism of L-AP4 effects will require further study. The availability of mGluR4-deficient mice may prove to be a valuable tool both for elucidating the molecular mechanisms underlying L-AP4 receptors and for clarifying the biological roles of mGluR4 in the nervous system.
